A rock-magnetic, paleomagnetic and paleointensity study was carried out on 13 Plio-Pleistocene volcanic flows from the Los Tuxtlas volcanic field (Trans Mexican Volcanic Belt) in order to obtain some decisive constraints for the geomagnetic field strength during the Plio-Pleistocene time. The age of the volcanic units, which yielded reliable paleointensity estimates, lies between 2.2 and 0.8 Ma according to the available K/Ar radiometric data. Thermomagnetic investigations reveal that remanence is carried in most cases by Ti-poor titanomagnetite, resulting from oxy-exsolution that probably occurred during the initial flow cooling. Unblocking temperature spectra and relatively high coercivity point to 'small' pseudo-single domain magnetic grains for these (titano)magnetites. Single-component, linear demagnetization plots were observed in most cases. Six flows yield reverse polarity magnetization, five flows are normally magnetized, and one flow shows intermediate polarity magnetization. Evidence of a strong lightning-produced magnetization overprint was detected for one site. The mean pole position obtained in this study is Plat = 83.7
Introduction
Determination of the absolute intensity of the Earth's magnetic field in the past is decisive for understanding the processes in the core that gave rise to the geomagnetic field and how and why the Earth's magnetic field reverses polarity. Moreover, variation of paleointensity over geologic time may indicate modulation of geodynamo action in the core by the convective state in the lower mantle. It also carries information about the rates of sea-floor spreading, hot-spot volcanism, the Earth's tectonic cycle, and true polar wander. Glatzmaier et al. (1999) and Coe et al. (2000) recently suggested that absolute intensity should be a fundamental constraint in numerical models that promise to provide unprecedented insight into the operation of the geodynamo. Despite about 40 years of research, paleointensity data are scarce (Perrin and Shcherbakov, 1997) and they cannot be yet used to document a long-term variation in the intensity of the Earth's magnetic field through geological time. The major reason for the small number of determinations is that paleointensity is the most difficult component of the magnetic field to determine and the failure rate is often large, Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. generally in the order of 80% (Kosterov and Prévot, 1998) . Prévot et al. (1990) first underlined the existence of a relatively low paleointensity field during the Mesozoic time. However, little is known about the transition mode between the Mesozoic low and present-day 'high' field, largely because of the limited amount of reliable data available. Based on the study of submarine basaltic glass, Juarez and Tauxe (2000) argued that the geomagnetic field strength was also substantially low for the last 5 Ma (and maybe for the last 160 Ma) which is in disagreement with the value of approximately 8 × 10 22 Am 2 often quoted for the last 5 Ma (Goguitchaichvili et al., 1999a) . The excellent technical quality of paleointensity data obtained from basaltic glasses, first underlined by Pick and Tauxe (1993) , may not be by itself proof of the geomagnetic validity of the paleostrength found (Goguitchaichvili et al., 1999b) . Keeping this in mind, more reliable data are required for the last 5 Ma. In this paper, we report a detailed rock-magnetic, paleomagnetic and paleointensity study from 13 Plio-Pleistocene lava flows from the Los Tuxtlas volcanic field (Mexico). The previous detailed geochronology study (Nelson and GonzalezCaver, 1992 ) of the Los Tuxtlas field was particularly encouraging for the paleomagnetic project. (Nelson and Gonzalez-Caver, 1992 
Sampling Details
The Los Tuxtlas Volcanic Field (TVF) is located on Mexico's Gulf Coast in the southern part of the state of Veracruz (Fig. 1) . Volcanism began about 7 Ma ago (Nelson et al., 1995) and continued to recent times with historical eruptions in AD 1664 and AD 1793. In total, about 800 km 3 of lava has been erupted in the TVF in the last 7 Ma (Nelson and Gonzalez-Caver, 1992 ). This gives a magma output rate of about 0.1 km 3 /1000 years. The volcanic units are composed mainly of alkali basalts and less commonly calc-alkaline basaltic andesites and andesites. There has been much debate about whether magmatism in the TVF is directly related to subduction of the Cocos Plate beneath southern Mexico or is related to extensional tectonics along the Gulf of Mexico (Freidlaender and Sonder, 1923; Pichler and Weyl, 1976; Thorpe, 1977; Cantagrel and Robin, 1979; Nelson and Gonzalez-Caver, 1992) . However, there is now general agreement that despite the alkaline character of the magmas erupted in the TVF, magmatism appears to be related to subduction. Low-degree melts of the subductionmodified mantle apparently reach the surface in the TVF due to an extensional stress regime that has allowed their passage to the surface (Nelson et al., 1995) .
Our sampling strategy was largely conditioned by the studies of Nelson and Gonzalez-Caver (1992) and Nelson et al. (1995) , since we sampled only sites with available radiometric dating information (Table 1 ). In total, 95 oriented samples belonging to 13 individual lava flows ( Fig. 1) were collected. The samples were distributed throughout each flow both horizontally and vertically in order to minimize the effects of block tilting and lightning. In general, samples were obtained at the very bottom of flows in the hope of collecting samples with the finest grains of material. Cores were obtained with a gasoline-powered portable drill and then in most cases, oriented with a magnetic compass (after testing that it was not affected by the remanent magnetization of the outcrop).
Magnetic Experiments

Demagnetization
The remanent magnetization of six to ten samples from each lava flow (Table 1) was measured with a JR-5a (AGICO LTD) spinner magnetometer (sensitivity ∼10 −9 Am 2 ) at the paleomagnetic laboratory of National University of Mexico (UNAM). Measurements were recorded after stabilization of the remanence in this magnetometer. Both alternating field (AF) demagnetization using a laboratory made AFdemagnetizer and stepwise thermal (mainly) demagnetization up to 575-675
• C using a non-inductive Schonstedt furnace, were carried out. During thermal demagnetization, the low-field susceptibility at room temperature was measured after each step with a Bartington susceptibility meter.
In most of the studied units, only one paleomagnetic component could be recognized (Figs. 2(a) and (b)). Small secondary components were easily removed applying 200
• C or 12-20 mT. The greater part of the remanent magnetization, in most cases was removed at temperatures of between 490 and 550
• C, indicating low-Ti titanomagnetites as being responsible for magnetization. The median destructive fields (MDF) range mostly from 40 to 60 mT, suggesting 'small' pseudo-single domain grains as remanent magnetization carriers (Dunlop andÖzdemir, 1997) . One site (SRG10) of the 13 sampled, was characterized by unusually high intensity (more than several hundred A/m) and scattered NRM directions. Both factors may point to strong lightning-produced magnetization overprint. These samples were rejected for further paleomagnetic analysis.
A characteristic magnetization direction was determined by the least-squares method (Kirschvink, 1980) ; with four to nine points being taken in the principal component analysis for this determination. The obtained directions were averaged by unit and the statistical parameters calculated assuming a Fisherian distribution. Average unit directions were rather precisely determined (Table 1 ; Fig. 3) ; almost all α 95 are less than 10
• , except for site VL. 
Low temperature susceptibility curves
Low-field and low-temperature susceptibility measurements (k-T curves) in the air were carried out using a Highmoore susceptibility bridge equipped with a furnace in order to identify the magnetic minerals responsible for magnetization. Initial susceptibility was recorded from about ∼ −185
• C to room temperature. In almost all cases, the curves show a rather monotonic increase from about −185
• C to room temperature, yielding a quite well-defined inflection point (Fig. 2(c) ) at about −135
• C, which probably indicates the Verwey transition, characteristic of almost pure magnetite or titanium-poor titanomagnetite resulting from oxy-exsolution (Ozdemir et al., 1993) . Alternatively, similar behavior may also correspond to non-stoichiometric (partially oxidized) magnetite (Dunlop andÖzdemir, 1997).
Hysteresis measurements
Hysteresis measurements at room temperature were performed on all studied sites using the AGFM 'Micromag' apparatus of the paleomagnetic laboratory in Mexico City in fields up to 1 Tesla. The saturation remanent magnetization (J rs ), the saturation magnetization (J s ), and the coercive force (H c ) were calculated after correction for the paramagnetic contribution. The coercivity of the remanence (H cr ) was determined by applying a progressively increasing backfield after saturation. A typical hysteresis plot is reported in Fig. 2(d) . The curves are quite symmetrical in all cases. Near the origin, a slightly wasp-waisted loop may be detected which probably points to the magnetic minerals of distinct coercivities (Tauxe et al., 1996) . Judging from the ratios of the hysteresis parameters (H cr /H c ranges between 2.2 and 3.5 and J rs /J s varies from 0.18 to 0.29), it seems that all samples fall in the pseudo-single domain (PSD) grain size region (Day et al., 1977) , probably indicating a mixture of multidomain (MD) and a significant amount of single domain (SD) grains. Isothermal remanence (IRM) acquisition curves ( Fig. 2(d) ) were found to be very similar for all samples. Saturation is reached in moderate fields of the order of 100-120 mT, which points to some spinels as remanence carriers.
Paleointensity
Paleointensity experiments were performed using the Thellier method (Thellier and Thellier, 1959) in its modified form (Coe et al., 1978) . The heatings and coolings were made in the air and in the laboratory field set to 50 or sometimes 40 microtesla. Nine temperature steps were distributed between room temperature and 550
• C. The pTRM/NRM checks (so-called pTRM checks) were performed only three times (Fig. 4) in order to avoid additional heatings, which may significantly alter the remanence.
Following the paleodirectional and rock-magnetic results, altogether 39 samples belonging to seven cooling units, yielding stable, one component magnetization with blocking temperatures compatible to 'near' magnetite phase and with relatively high MDF values, were selected for paleointensity experiments. Five sites (SRG1, SRG4, SRG7, SRG9 and VL) were not selected because of relatively high directional dispersion (α 95 above 8
• ). Paleointensity data are reported on the classical AraiNagata (Nagata et al., 1963) plot in Fig. 4 and the results are given in Table 2 . We accepted only determinations that fulfill the following criteria: (1) determination obtained from at least 5 NRM-TRM points corresponding to a NRM fraction larger than 1/3 (Table 2), (2) quality factor (Coe et al., 1978) of about 5 or more, and (3) positive 'pTRM' checks, i.e. the deviation of 'pTRM' checks was less than 15%. Directions of NRM remaining at each step obtained from the paleointensity experiments are reasonably linear and point to the origin. No deviation of NRM in the remaining directions towards the direction of the applied laboratory field was observed.
Finally, only 21 samples, coming from four individual basaltic lava flows, yielded acceptable paleointensity estimates. For these samples, the NRM fraction f used for determination ranges between 0.46 to 0.91 and the quality factor q from 4.6 to 27.9 being generally greater than 5. For the remaining samples, the main reason for failure of Thellier paleointensity experiments was the typical 'concave-up' behavior (Dunlop andÖzdemir, 1997 ). An important loss of NRM (natural remanent magnetization) was observed without any noticeable TRM (thermoremanent magnetization) acquisition. This phenomenon can be due to irreversible variations of coercive force (Kosterov and Prévot, 1998) at low temperature and can be interpreted as the transformation from a single-domain 'metastable' state to a polydomain state which results in a large NRM loss without any correlated TRM acquisition during the subsequent cooling.
Discussion and Main Results
We consider the characteristic paleomagnetic directions Fig. 4 . The representative NRM-TRM plots and associated orthogonal diagrams from Los Tuxtlas samples. We used the same notations in the orthogonal diagrams as in Fig. 2 . Table 2 . Paleointensity results from the TVF, n is the number of NRM-TRM points used for paleointensity determination, T min -T max is the temperature interval used, f , g and q are the fraction of extrapolated NRM used, the gap factor, and the quality factor (Coe et al., 1978) determined in this study to be of primary TRM origin. This is supported by the occurrence of antipodal normal and reversed polarity directions. In addition, thermomagnetic investigations show that the remanence is carried in most cases by Ti-poor titanomagnetite, resulting from the oxi-exsolution of the original titanomagnetite during the initial flow cooling, which probably indicates the thermoremanent origin of a primary magnetization. Moreover, unblocking temperature spectra and the relatively high coercivity point to 'small' pseudo-single domain magnetic structure grains being responsible for remanent magnetization. Single-component, linear demagnetization plots were observed in most cases. Six sites yielded reverse polarity magnetization and 5 are normally magnetized. Only one unit (site VL) showed intermediate polarity magnetization. It cannot be ascertained that site SRG9 has normal polarity magnetization because it is represented only by two samples. The mean paleomagnetic pole position calculated after discarding sites VL and SRG9, is Plat = 83.7
• , Plong = 178.1
• , N = 10 and the corresponding mean paleodirection is I = 31.3 (Fig. 3 ). There directions are in reasonably good agreement with the expected paleodirections for Pliocene time, as derived from the reference poles given by Besse and Courtillot (1991) for North America (see also Alva-Valdivia et al., 2000) . This suggests that no major tectonic deformation occurred in the TVF area after about 3 Ma. More robust directional data are required to better constraint the paleotectonic evolution of TVF.
Thellier paleointensity experiments were carried out on 39 samples from the Pliocene TVF volcanic lava flows. Twenty-one samples from four individual basaltic lava flows yielded acceptable paleointensity estimates. The site mean paleointensities range from 30.6 ± 4.3 to 38.1 ± 7.2 μT and the VDMs range from 6.4 to 9.1 × 10 22 Am 2 . The amplitude of VDM variation we obtained is reasonably large and most probably belonged to the geomagnetic field rather than some experimental artifact.
Although our results are not numerous, some credit should be given because of good technical quality determination attested by the reasonably high Coe et al.' quality factors. The within-site dispersion we found in our study (standard deviation on the order of 15-20%) is common for absolute paleointensity study (Selkin and Tauxe, 2000) . We have no objective reasons to reject any of our individual determinations in order to reduce the dispersion observed. Moreover, let us note that a small curvature on Arai-Nagata curves (observed in some cases) at low temperatures (Fig. 4 , Samples TP 5a and TS 10a) is most probably not significant. The temperature interval from 150 to 250
• C is generally admitted as being the unblocking temperature spectra of viscous remanent magnetization. Thus we can allow some non-significant 'irregularities' at this interval.
There are not enough data to discuss VDM variation through the Pliocene time and it is necessary to combine the Mexican results with previously published estimates from the same period of time (Table 3 and Fig. 5 ). In our analyses of the Pliocene paleointensity data, we consider (1) only results obtained with the Thellier method for which positive pTRM checks attest the absence of alteration during heatings, (2) at least three determinations per unit, (3) quality factors (when available) of around five or more (these determinations are shown by stars in Table 3 ) and (4) no data from transitional polarity units. From about 800 PlioPleistocene determinations available in the IAGA database (so-called 'Montpellier 98 database' compiled by Mireille Perrin and Lisa Schnepp, see also Perrin et al., 1998) only 63 determinations fulfill these basic criteria. Twenty-three selected determinations come from studies published during last two years (Table 3 ; Fig. 5 ), and seven of them belong to basaltic glasses (Juarez and Tauxe, 2000; Selkin and Tauxe, 2000) . Results from basaltic glasses correspond to the mean paleointensity from the same drill core. Four more absolute intensity determinations were obtained in this study. We also note that 47 determinations correspond to pre or post-intermediate geomagnetic fields. They are shown in italics in Table 3 . Combination of the Mexican data with the absolute intensity results currently available for the PlioPleistocene show the VDM variation ranging from 2.41 to 9.45×10 22 Am 2 (Fig. 5 ) yielding a mean VDM of 6.4×10 22 Am 2 , which is about 80% of the present geomagnetic axial dipole (7.8 × 10 22 Am 2 after Barton et al., 1996) . Reliable absolute paleointensity results for the last 5 Ma are still scarce and of dissimilar quality. Additional high-quality determinations are needed to better document the geomagnetic field strength during the Pliocene.
